Bordetella species, including B. pertussis, have a type III secretion system that is highly conserved among gram-negative pathogenic bacteria. Genes encoding the component proteins of the type III secretion system are localized at the bsc locus in the Bordetella genome. Here, the function of a hypothetical protein Bcr4 encoded at the bsc locus in the B. bronchiseptica genome was investigated. A Bcr4-deficient mutant was created and the amounts of type III secreted proteins (e.g., BopB, BopN and Bsp22) in both the supernatant fraction and whole-cell lysates of the Bcr4-deficient mutant were determined. It was found that the amounts of these proteins were significantly lower than in the wildtype strain. The amounts of type III secreted proteins in the supernatant fraction and whole-cell lysates were much greater in a Bcr4-overproducing strain than in the wild-type strain. The type III secreted protein BspR reportedly negatively regulates the type III secretion system. Here, it was observed that a Bcr4 þ BspR double-knockout mutant did not secrete type III secreted proteins, whereas the amounts of these proteins in whole-cell lysates of this mutant were nearly equal to those in whole-cell lysates of the BspR-deficient mutant. Bcr4 thus appears to play an essential role in the extracellular secretion of type III secreted proteins. Our data also suggest that Bcr4 antagonizes the negative regulatory function of BspR.
demonstrated that BteA and BopN are effectors in Bordetella (4, 6, 10) .
BteA, which is localized on lipid raft domains in host cells through its N-terminal region (7) , both induces necrotic cell death via an actin cytoskeleton signaling pathway and inhibits phagocytosis by macrophages (5) .
BopN, which is localized in the host cell nucleus, changes the localization of NF-kB, resulting in upregulation of the anti-inflammatory cytokine IL-10 and thereby immune evasion of infected niches (10) . BopN has an auxiliary effect on the above-mentioned BteAmediated necrotic cell death and the N-terminal amino acid residues of BopN (aa 6-50) are crucial to its translocation into host cells (11) .
The sixth type III secreted protein that has been identified in Bordetella is BspR. Although this protein is translocated into the host cell cytoplasm, its physiological functions in the host cell are still unknown. However, BspR is known to be a global transcriptional regulator that negatively regulates the T3SS function (14) . BspR is encoded in the btr locus on the genome (Fig. 1a) . This btr locus encodes five proteins: BtrS, BspR, BtrU, BtrW and BtrV (17, 18) . These proteins regulate expression of T3SS-related genes. A comparative analysis of the B. pertussis, B. parapertussis and B. bronchiseptica genome sequences has revealed that each species has a gene cluster related to the T3SS in the bsc locus (Fig. 1a) , which is localized adjacent to the btr locus (19) . Although BteA is encoded in a genome region that is separate from the bsc locus (4, 7), the type III secreted proteins (BopB, BopD, BopN and Bsp22) and T3SS component proteins (e.g., BscC) are encoded in the bsc locus (8, 9) . A recent study revealed that BspR interacts with BtrS (a sigma factor that is required for expression of the bsc locus) and functions as an anti-sigma factor (16) , resulting in repression of T3SS-related genes encoded in the bsc locus.
The gene encoding the hypothetical protein Bcr4, which is 20.0 kDa and 173 amino acids long, is one of the 29 genes in the bsc locus (19) ; however, little is known about its function. Bcr4 has 58-86 aa, 91-124 aa and 129-155 aa of the tetratricopeptide repeat motifs. Bordetella Bcr4 shares 49.1%, 26.6% and 18.4% amino acid sequence identity with a hypothetical protein (NH44784_14631) from Achromobacter xylosoxidans, the protein Pcr4 from Pseudomonas aeruginosa and the protein YscY from Yersinia enterocolitica, respectively. Pcr4 is 12 kDa and 109 aa long and is secreted through the T3SS (20, 21) . YscY, a tetratricopeptide repeat protein, is thought to be a chaperone for YscX in Yersinia (22) . The YscX-YscY complex serves an exclusive T3SS function in Yersinia (23); however, no homolog of YscX appears to be encoded on Bordetella genomes. Our present results demonstrate that Bcr4 is one of the essential factors for T3SS function. Our results also suggest that the function of BspR is enhanced in T3SS-deficient mutants and that Bcr4 antagonizes the negative regulatory function of BspR.
MATERIALS AND METHODS
Bacterial strains and cell culture Table 1 shows the bacterial strains used. B. bronchiseptica S798 was used as the wild-type strain (8) . The T3SS-deficient strain (DbscN, containing an in-frame deletion of the bscN gene), and the bspR gene-disrupted mutant (DbspR) have been described elsewhere (8, 14) . Bordet-Gengou agar plates (24) (25) (26) were used at 37°C for 2 days to obtain B. bronchiseptica colonies. The B. bronchiseptica colonies were suspended in SS medium (27) and its optical density adjusted to 0.2 at 600 nm. The liquid cultures were continued for 18 hr to prepare the protein sample and infection assay. B. bronchiseptica was cultured for 7 hr in the SS medium to prepare mRNA.
Cells of a rat lung epithelial line, L2 (ATCC CCL-149) were also grown in F-12K medium (Invitrogen, Carlsbad, CA, USA) containing 10% FCS at 37°C under an atmosphere of 5% CO 2 .
Construction of gene-disrupted mutants
The primers and plasmids used are listed in Tables 2 and  3 , respectively. A 4.3 kbp DNA fragment containing the bcr4 gene was obtained by PCR. B1-bcr4, B2-bcr4 and B. bronchiseptica S798 genomic DNA were used for the PCR as the upper primer, lower primer and template, respectively.
The PCR product was inserted into the cloning site of pDONR201 according to the Gateway Cloning System protocol (Invitrogen) to obtain pDONR-bcr4. To create an internal deletion of the bcr4 gene in pDONR-bcr4, an inverse PCR was performed with the primers R1-bcr4 and R2-bcr4, using circular pDONR-bcr4 as a template. The resulting PCR products were digested with EcoRI and self-ligated to obtain pDONR-Dbcr4, which contains an EcoRI site in addition to a 261-bp internal deletion of the bcr4 gene.
The deleted bcr4 gene on pDONR-Dbcr4 was transferred into pABB-CRS2 according to the manufacturer's protocol (Gateway Cloning System; Invitrogen), and the resulting suicide plasmid designated pABB-CRS2-Dbcr4. pABB-CRS2-Dbcr4 was transferred from Escherichia coli SM10lpir into B. bronchiseptica S798 and DbspR as described elsewhere (28) , yielding the mutant strains Dbcr4 and Dbcr4DbspR, respectively. To obtain the BscN þ BspR double-knockout mutant (DbscNDbspR), E. coli SM10lpir harboring pABB-CRS2-DbscN (which encodes an internal sequence-deleted bscN gene) and B. bronchiseptica DbspR were conjugated.
Plasmid constructions
To express the bcr4 gene, pRK-bcr4 was constructed as described below (4) . In brief, a 627 bp DNA containing the bcr4 gene was obtained by PCR. B1-bcr4 comp, B2-bcr4 comp primers and S798 genomic DNA were used for the upper primer, lower primer and template, respectively, for this reaction. The amplified fragment was inserted into pDONR201 and the resulting plasmid designated pDONR-bcr4-comp. To obtain the plasmid that is available in B. bronchiseptica, pDONR-fhaP (containing a promoter for fhaB gene), pDONR-Bcr4-comp, pDONRrrnB (containing a transcriptional terminator, rrnB) and the pRK415-R4-R3-F vector (4) were used to create pRKbcr4 using the MultiSite Gateway system (Invitrogen).
To construct the vector for medium-level bcr4 expression, the bcr4 gene on the pDONR-bcr4-comp was then transferred into the pABB415 vector (9) to obtain pABB-bcr4. To obtain a recombinant BopN protein, a DNA fragment including the bopN gene was amplified by PCR using bopN-BamHI, bopN-XhoI and S798 genomic DNA for the upper primer, lower primer, and template, respectively. The resulting fragment was inserted between the BamHI and XhoI recognition sites of pQE-30 (Qiagen, Hilden, Germany) after BamHI and XhoI digestions. The resulting plasmid was designated pQE-30-bopN.
Preparation of proteins from culture supernatants and whole-cell lysates
The secreted proteins released into culture supernatants and whole-cell lysates were isolated by trichloroacetic acid precipitation as follows. The culture supernatants were filtered and the bacterial pellets for whole-cell lysate samples resuspended in distilled water. Trichloroacetic acid was then added to the samples at a final concentration of 10%. After being incubated on ice for 15 min, the samples were centrifuged for 5 min. The resulting precipitated proteins were neutralized with 2 M Tris-base and dissolved in SDS-PAGE sample buffer.
The protein samples were separated by SDS-PAGE and analyzed by CBB staining or an immunoblot analysis. Loaded sample amounts were adjusted by the OD of each bacterial culture in order to load samples prepared from the same number of bacteria.
Antibodies
The following antibodies were used: anti-BteA (4), antiBopB (8), anti-BopD (9), anti-Bsp22 (13), antiBspR (14), anti-FHA (29), anti-CyaA (Santa Cruz Biotechnology, Santa Cruz, CA, USA). To prepare the anti-Bcr4 and anti-BscC antibodies, the peptides Bcr4-C and BscC-C corresponding to the amino acid residues 174-190 of Bcr4 and 583-600 of BscC were conjugated separately with hemocyanin from keyhole limpets (Sigma, St. Louis, MO, USA). A cysteine residue was Permissive strain for the replication of pABB-CRS2 (28) Table 2 . Oligonucleotides used
Restriction enzyme recognition sites are underlined.
added at the N-terminal of each peptide in order to cross-link the carrier protein.
To prepare the anti-BopN antibody, histidine-tagged BopN was obtained from E. coli harboring pQE-30-bopN in accordance with the protocol provided by Qiagen. The cross-linked peptides and the recombinant protein were used to immunize rabbits.
RT-PCR
Total RNA of B. bronchiseptica was prepared by Trizol (Thermo Fisher Scientific, Waltham, MA, USA), and subjected to reverse transcription with Transcriptor Universal cDNA Master (Roche, Mannheim, Germany). The resulting cDNA was amplified with FastStart Essential DNA Probes Master (Roche) with the Universal ProbeLibrary (Roche) using the primers shown in Table 2 (5-recA and 3-recA, 5-bteA and 3-bteA, 5-bopB and 3-bopB, 5-bopD and 3-bopD, 5-bsp22 and 3-bsp22) with a LightCycler 96 system (Roche). The results were calculated according to the manufacturer's manual. The amount of recA mRNA was used as an internal control when the amounts of bteA, bopB, bopD, and bsp22 mRNA had been obtained. The mRNA amounts are presented herein as relative to the amounts in the wild-type strain, which was defined as 1.
LDH release assay
To examine the release of LDH from infected cells, 5 Â 10 4 cells/well of L2 cells seeded in 24-well plates were infected with bacteria at a MOI of 50 or 200. The cells were then centrifuged for 5 min and incubated at 37°C in an atmosphere of 5% CO 2 for 1 hr. A CytoTox 96
1 NonRadioactive Cytotoxicity Assay (Promega, Madison, WI, USA) was used to measure the amount of LDH. The amount of LDH (%)is shown as a ratio, the value obtained from the wells treated with 0.1% Triton X-100 being set as 100%.
Statistical analyses
Prism 5.0f software (Graphpad, San Diego, CA, USA) was used for the statistical analyses of the results by nonparametric unpaired t-tests with a one-tailed P-value. P < 0.05 was accepted as denoting significance.
RESULTS

Bcr4 is essential for secretion of type III secreted proteins
To investigate the roles of Bcr4, the wild-type strain, a Bcr4-deficient strain (Dbcr4), a Bcr4-overproducing strain (Dbcr4/pRK-bcr4), a Bcr4-complemeted strain (Dbcr4/pABB-bcr4) and a BscN-deficient strain (DbscN) of B. bronchiseptica were cultured in liquid medium, after which the proteins were recovered from each culture supernatant. The prepared samples were subjected to SDS-PAGE and then CBB staining (Fig. 1b) . The proteins were then analyzed by immunoblotting using antibodies against BteA, BopB, BopN, BopD, Bsp22, BspR, Bcr4, CyaA and FHA (Fig. 1c) . The four proteins that were examined here (Bsp22, BopB, BopD, and Bcr4) are encoded in the same transcriptional unit at the bsc locus, whereas BopN is encoded in another transcriptional unit at the bsc locus (Fig. 1a) .
Although the signals of BteA, BopB, BopN, BopD and Bsp22 were not detected in the supernatant fraction prepared from the DbscN (T3SS-deficient mutant), the Dbcr4, and DbscN/pRK-bcr4 strains, these 
pABB-CRS2 contains internal sequence-deleted bcr4 and its flanking region This study pABB-CRS2-DbscN pABB-CRS2 contains internal sequence-deleted bscN and its flanking region (8) signals were detected in the wild-type strain's supernatant fraction (Fig. 1b, c) . In contrast, the signal intensity of the type III secreted proteins was significantly greater in the Dbcr4/pRK-bcr4 strain than in the wild-type strain (Fig. 1b, c) . Strong and faint signals of Bcr4 were detected in the culture supernatants of the Dbcr4/pRK-bcr4 and the DbscN/ pRK-bcr4 strains, respectively, but not in the culture supernatants of the other strains (Fig. 1c) .
To further investigate production of proteins encoded in the bsc locus, pellet fractions, so called whole-cell lysates that contain no supernatant fraction, were analyzed by immunoblotting using antibodies against BteA, BopB, BopN, BopD, Bsp22, BspR, Bcr4, BscC, CyaA and FHA. BscC is a homolog of EscC produced by enteropathogenic E. coli. EscC is responsible for the outer ring structure of T3SS machinery (30) . The signal intensities of BteA, BopB, BopN, BopD, Bsp22 and BscC were lower in the whole-cell lysates of strains Dbcr4 and DbscN than in those of the wild-type strain (Fig. 1d) . The strengths of the signal intensities of type III secreted proteins were nearly equal between the wild-type strain and the Dbcr4/pABB-bcr4 strain.
In contrast, the signal intensities of proteins encoded in the bsc locus obtained from the Bcr4-overproducing strain (Dbcr4/pRK-bcr4) were significantly greater than those of the wild-type strain. No significant differences in the signal intensities of BspR, CyaA or FHA in wholecell lysates were observed between the strains (Fig. 1d) . Together these results suggest that: (i) Bcr4 is essential for extracellular secretion of type III secreted proteins; (ii) production of proteins encoded in the bsc locus is suppressed in T3SS-deficient strains; and (iii) Bcr4 overproduction enhances production of proteins encoded in the bsc locus.
Upon B. bronchiseptica infection, translocation of BteA into the cytoplasm of cultured mammalian cells is crucial for induction of necrotic cell death (4, 6) . To determine whether Bcr4 is necessary for BteA-dependent cytotoxicity, the relative amounts of LDH released into the extracellular medium after L2 cells had been infected by the wild-type strain, Dbcr4, Dbcr4/pRK-bcr4, Dbcr4/pABB-bcr4 or DbscN were measured. When the cells were infected with the wild-type strain at the MOIs of 50 and 200, the LDH release was approximately 19% and 58%, respectively (Fig. 1e, f) . However, when the cells were infected with Dbcr4 or DbscN, no significant amount of LDH was detected in the extracellular medium (Fig. 1e, f) . In contrast, the ability of the Dbcr4/pRK-bcr4 strain to release LDH was significantly greater than that of the wild-type strain (Fig. 1e, f) . These results suggest that Bcr4 is involved in BteA translocation.
Production of type III secreted proteins is suppressed in T3SS-deficient mutants at the transcriptional level
The results shown in Figure 1 suggest that T3SS-deficient mutants produce smaller amounts of type III secreted proteins. To investigate the transcription levels of genes for those proteins, the B. bronchiseptica RNA was isolated and a qRT-PCR analysis carried out. The mRNA amounts of bteA (Fig. 2a), bopB (Fig. 2b), bopD (Fig. 2c) , and bsp22 (Fig. 2d) in the Dbcr4, DbscN, and DbscN/ pRK-bcr4 strains were significantly lower than those in the wild-type strain. Although no significant differences among the Dbcr4, DbscN, and DbscN/pRK-bcr4 strains with regard to the mRNA amounts of bteA (Fig. 2a) , bopB (Fig. 2b), bopD (Fig. 2c), and bsp22 (Fig. 2d) were observed, the amounts of these mRNAs in the Dbcr4/ pRK-bcr4 strain were significantly greater than those in the Dbcr4 strain.
These results clearly indicate that production of type III secreted proteins in the Dbcr4 and DbscN strains is suppressed at the transcriptional level. To determine whether Bcr4 is overproduced in DbscN/pRK-bcr4 strain, a western blot analysis of whole-cell lysates was performed using an anti-Bcr4 antibody (Fig. S1) . The results strongly suggest that T3SS deficiency suppresses transcription of the bsc locus even when Bcr4 is overproduced.
BspR is the key factor in negative regulation of type III secreted proteins in the Dbcr4 strain It has been proposed that BspR is a secreted anti-sigma factor for BtrS, a BvgAS-regulated extracytoplasmic function sigma factor, and that BspR negatively regulates type III secreted proteins at the transcriptional level (14, 16) . In the present study, it was speculated that the function of BspR could be stronger in the Dbcr4 strain than the corresponding function in the wild-type strain.
To test this hypothesis, the B. bronchiseptica wild-type strain was cultured along with the B. bronchiseptica mutant strains Dbcr4, DbspR, DbscN, the Bcr4 þ BspR double-knockout mutant strains (Dbcr4DbspR), Dbcr4DbspR harboring pRK-bcr4 (Dbcr4DbspR/pRKbcr4), and Dbcr4DbspR harboring pRK-bspR (Dbcr4DbspR/pRK-bspR) in SS medium. The secreted proteins were isolated, after which the prepared culture supernatant samples were subjected to SDS-PAGE followed by CBB staining (Fig. 3) . Signals of BteA, BopB, BopN, BopD, and Bsp22 were detected in the supernatant fraction prepared from the Dbcr4DbspR/ pRK-bcr4 strain, but not in that prepared from the Dbcr4DbspR strain or Dbcr4DbspR/pRK-bspR strain (Fig. 3) .
To investigate the amounts of type III secreted proteins in the bacterial whole body, whole-cell lysates were analyzed by immunoblotting. The signal intensities of type III secreted proteins in the whole-cell lysates of Dbcr4DbspR/pRK-bcr4 were nearly equal to those of DbspR (Fig. 3) . The signal intensities of type III secreted proteins in whole-cell lysates of Dbcr4DbspR were greater than those of the wild-type strain and Dbcr4, and nearly equal to those of DbspR (Fig. 3) .
These results suggest that the negative regulation ability of BspR is greater in Dbcr4 than in the wild-type strain. The results also confirm again that: (i) Bcr4 is required for the secretion of type III secreted proteins; and (ii) extracellular secretion and production of type III secreted proteins are greatly facilitated in the Bcr4-overproducing strain (Dbcr4DbspR/pRK-bcr4).
Production of type III secreted proteins is also greater in the DbscNDbspR strain As shown in Figure 3 , BspR strongly suppresses production of type III secreted proteins in the Dbcr4 strain. To determine whether BspR also suppresses production of type III secreted proteins in other T3SS- Fig. 2 . T3SS-deficient mutants show transcriptional level suppression of type III secreted proteins. We isolated total RNA in B. bronchiseptica cytoplasm and performed a qRT-PCR. We determined the amounts of each mRNA of (a) bteA, (b) bopB, (c) bopD and (d) bsp22 as described in the Materials and Methods. Data are presented as means AE SE of three independent experiments. Ã P < 0.05.
deficient strains, the B. bronchiseptica wild-type strain, B. bronchiseptica strains DbspR and DbscN and BscN þ BspR-double knockout mutant (DbscNDbspR) were cultured in SS medium. The prepared culture supernatant samples were subjected to SDS-PAGE followed by CBB staining and an immunoblotting analysis (Fig. 4a, b) . Signals of BteA, BopB, BopN, BopD and Bsp22 were detected in the supernatant fractions prepared from the wild-type strain and the DbspR strain but not in the supernatant samples prepared from the DbscN strain or the DbscNDbspR strain (Fig. 4a, b) . The signal of Bcr4 was detected in the culture supernatant from the DbspR strain; a faint signal of Bcr4 was also detected in DbscNDbspR (Fig. 4b) . This observation raises the possibility that Bcr4 is secreted via the T3SS-independent pathway.
To investigate the amounts of type III secreted proteins in the whole body of B. bronchiseptica, whole-cell lysates were analyzed by immunoblotting. The signal intensities of type III secreted proteins in the whole-cell lysates of DbscNDbspR were nearly equal to those of DbspR, and were greater than those of DbscN (Fig. 4c) . Collectively, the above-described results indicate that production of type III secreted proteins is strongly suppressed by BspR when the protein export of T3SS is blocked by dysfunction of Bcr4 or BscN.
DISCUSSION
Our present findings demonstrate that Bcr4 is essential for extracellular secretion of type III secreted proteins. They also suggest that production of proteins encoded in the bsc locus is strongly suppressed by BspR when the type III secretion function is defective in Bordetella.
We hypothesized that Bcr4 may also be secreted by the T3SS in Bordetella on the basis of observing the signal of Bcr4 in the culture supernatant from the Dbcr4/pRKbcr4 (Fig. 1c) and DbspR (Fig. 4b) strains. However, we also detected a faint signal of Bcr4 in the culture supernatants from the DbscN/pRK-bcr4 (Fig. 1c) and the DbscNDbspR strains (Fig. 4b) . These findings suggest that Bcr4 is likely excluded via the T3SS of Bcr4-overproduced strains and also leaks to the supernatant of T3SS-deficient mutants when Bcr4 is overproduced. However, the results presented in Figures 1c and 4b clearly show that Bcr4 is not secreted via the T3SS of the wild-type strain.
Bordetella BtrS is a sigma factor that is associated with gene expressions of the bsc locus, which is the locus where the type III secreted proteins and T3SS component proteins are encoded (18) . It has been reported that BspR interacts with and antagonizes BtrS and decreases transcription of genes on the bsc locus (14, 16) . On the basis of the results shown in Figures 2 and 3 , we speculated that the function of BspR as an anti-sigma factor is enhanced in T3SS-deficient strains, namely, the Ã Multimerized BteA. We analyzed whole-cell lysates (WCLs) by immunoblotting using the listed antibodies. When we performed immunoblotting using anti-BopB or anti-Bsp22 antibodies, we loaded a half amount of the WCLs prepared from DbspR, Dbcr4DbspR, Dbcr4DbspR/pRK-bcr4, and Dbcr4DbspR/ pRK-bspR on the SDS-PAGE gel to avoid obtaining an excess signal intensity, whereas when we carried out immunoblotting using antiBcr4 antibodies, we loaded a five-fold smaller amount of the WCLs prepared from DbspR and Dbcr4DbspR/pRK-bcr4 on the gel. [Color figure can be viewed at wileyonlinelibrary.com]
Dbcr4, DbscN and DbscN/pRK-bcr4 strains. These results suggest that the decrease in production of proteins encoded in the bsc locus in Dbcr4 is attributable to inactivation of the T3SS system. The BteA signal in the whole cell lysate (Fig. 3 ) obtained from Dbcr4DbspR tended to be at an intermediate level between the Dbcr4 and DbspR for reasons that have not yet been determined. However, the signals of the other secreted proteins, namely, BopB, BopN, BopD and Bsp22 from Dbcr4DbspR, were not significantly different from those in DbspR (Fig. 3) . We thus speculate that the degree of upregulation of bsc locus expression by BspR deficiency in Dbcr4DbspR is nearly equal to that in DbspR.
In contrast to Bordetella, there are no significant differences in production of type III secreted proteins between the wild-type strain and T3SS-deficient mutant in Shigella (31), Salmonella (32), Yersinia (33) or enteropathogenic E. coli (34, 35) . Although these pathogens conserve the T3SS, they do not share a homolog of BspR. We therefore speculate that Bordetella species have an original mechanism through Bcr4-and BspR-mediated regulation of the production of type III secreted proteins. In Bordetella, the genes encoding the type III secreted proteins and T3SS components are located on the bsc locus. Our experiments demonstrated that the secretion of type III secreted proteins in the Dbcr4/pRK-bcr4 strain is enhanced (Fig. 1c) . Therefore, the number of T3SS machines per single bacterial particle is likely to be much greater in the Dbcr4/pRK-bcr4 strain than in the wildtype strain.
The data presented in Figure 1b -d suggest that Bcr4 has a positive regulatory function for type III secreted proteins. However, the Dbcr4DbspR strain also overproduced type III secreted proteins in the bacterial cytoplasm (Fig. 3) , leading us to speculate that Bcr4 represses the ability of BspR to downregulate type III secreted proteins.
Therefore, to determine whether or not Bcr4 interacts with BspR, we prepared a cell lysate of a DbspR strain that produces FLAG-tagged BspR. We then performed an immunoprecipitation assay using an anti-FLAG antibody against the lysate; however,we did not detect Bcr4 in the precipitated fraction (data not shown).
On the other hand, although DbscN/pRK-bcr4 overproduces Bcr4 (Fig. S1) , transcription of the bsc locus in this strain was equal to that in the T3SS-deficient strains (Fig. 2) , suggesting that Bcr4 does not directly cancel the BspR negative regulatory function, but that the strength of T3SS activity controls BspR function. As we described in the Introduction, Bcr4 shares 18.4% identity to Yersinia YscY, which is a molecular chaperone. Our present data also suggest the possibility that Bcr4 is a cognate chaperone for one of the T3SS component proteins. To investigate the interaction between Bcr4 and the components of T3SS, we carried out a pull-down assay using purified 6-histidine-tagged-Bcr4 (His-Bcr4) recombinant protein as a probe, which we added to the soluble fraction of the B. bronchiseptica wild-type strain. However, we did not detect a specific interaction between Bcr4 and any of the components of T3SS (data not shown). Although further analyses are necessary, our results strongly suggest that Bcr4 is a novel protein that functions as both an essential factor for T3SS activity and a factor that cancels one of the activities of BspR.
The btr locus, which encodes BspR and the extracytoplasmic function sigma factor BtrS, is controlled by BvgAS (18) . Transcription of T3SS-associated genes encoding BopB, BopN, BopD, Bsp22, Bcr4, BteA and BspR is activated by BtrS (14, 16, 18) . As shown in Figure 1d , we found no significant differences in the BspR signals among the wild-type strain and the Dbcr4, Dbcr4/pRK-bcr4, Dbcr4/pABB-bcr4 and DbscN strains.
These findings suggest that transcription of the bspR gene, unlike that of the genes encoding type III secreted proteins, is not repressed by BspR itself, even though transcription of the bspR gene is activated by BtrS (16) . Indeed, an investigation using an RNA-seq analysis of the strain DbspR (DbtrA) (16) found no increase in transcription of the genes encoding BtrS and BtrM located on the btr locus, whereas that of the genes encoding BtrN, BtrU, BtrO, and Alr located on the btr locus were increased. Taken together, these previous findings and our present results suggest that transcription of genes encoding BspR, BtrS and BtrM is not repressed by BspR, whereas other genes, such as btrN, btrU, btrO and alr, are negatively regulated by BspR.
The genus Salmonella has two independent T3SSs (T3SS-1 and T3SS-2) (36) and the basal body of the flagellum is structurally similar to that of a T3SS (37) . Formation of the Salmonella flagellar apparatus includes separate processes for hook-basal body assembly and filament assembly (38, 39) . The essential factor for filament assembly is FlgM, which is bound to s 28 (FliA) (40) . This binding prevents transcription of the structural genes of the flagellar filament (40) . After completion of hook-basal body assembly, FlgM is secreted, and s 28 released from FlgM initiates transcription of the genes encoding structure elements of the flagellar filament (41, 42) .
BspR is also bound to the sigma factor BtrS (16) and it is secreted outside the cell similarly to FlgM (14, 15) . In the present study, although production of type III secreted proteins was greater in strain Dbcr4/pRK-bcr4 than in the wild-type strain, BspR production in strain Dbcr4/pRK-bcr4 was equal to that in the wild-type strain (Fig. 1d) . In contrast to FlgM, these results suggest that the cytoplasmic concentration of BspR is unrelated to bsc locus transcriptional regulation.
In conclusion, our data suggest that Bcr4 is an essential factor for T3SS activity and cancels the ability of BspR to negatively regulate type III secreted proteins through activation of the T3SS (Fig. 5) . The molecularlevel details of the function of Bcr4 are still largely unknown. Further studies are necessary to identify the factors interacting with Bcr4 or BspR in order to determine how Bcr4 disarms the ability of BspR to suppress production of type III secreted proteins.
